The progression of cancer from localized to invasive disease is requisite for metastasis, and is often characterized by epithelial-tomesenchymal transition (EMT) and alterations in cellular adhesion and migration. Studies have shown that this transition is associated with an upregulation of embryonic stem cell-associated genes, resulting in a dedifferentiated phenotype and poor patient prognosis. Nodal is an embryonic factor that plays a critical role in promoting early invasive events during development. Nodal is silenced as stem cells differentiate; however, it re-emerges in adult life during placentation and mammary gland development, and is aberrantly expressed in many cancers. Here, we show that Nodal overexpression, in poorly invasive breast cancer and choriocarcinoma cells, causes increased invasion and migration in vitro. Furthermore, we show that Nodal overexpression in these epithelial cancer types induces an EMT-like event concomitant with the internalization of E-Cadherin. This ability of Nodal to promote cellular invasion and EMT-like phenomena is dependent upon the phosphorylation of ERK1/2. As Nodal normally signals through SMADs, these findings lend insight into an alternative pathway that is hijacked by this protein in cancer. To evaluate the clinical implications of our results, we show that Nodal inhibition reduces liver tumor burden in a model of spontaneous breast cancer metastasis in vivo, and that Nodal loss-of-function in aggressive breast cancer lines results in a decrease in invasive phenotypes. Our results demonstrate that Nodal is involved in promoting invasion in multiple cellular contexts, and that Nodal inhibition may be useful as a therapeutic target for patients with progressive disease.
INTRODUCTION
The progression of cancer from localized to invasive disease is requisite for metastasis, and is often characterized by epithelial-tomesenchymal transition (EMT) and alterations in cellular adhesion and migration. EMT is associated with tissue remodeling during normal physiological processes such as mammary gland development and placentation, and with various cancers, including breast cancer and choriocarcinoma. 1, 2 Although EMT has been thoroughly investigated in breast cancer, its mechanisms are less understood in the context of choriocarcinoma.
In many cancer types, cellular invasion and EMT have been linked to the overexpression of embryonic stem cell-associated genes. 3, 4 Moreover, this stem cell-like gene expression profile is associated with metastasis and poor prognosis. One possible mediator of this invasive cancer signature is Nodal. 5, 6 Nodal is a member of the transforming growth factor-beta (TGF-b) superfamily and a morphogen during early embryonic patterning. Nodal plays an important role in promoting invasive events during primitive streak formation and mammary gland development. 7, 8 It has been postulated that the role that Nodal plays in mediating normal invasive events may similarly manifest during cancer progression.
Indeed, recent studies have shown that Nodal promotes cellular invasion and tumorigenicity in melanoma, prostate cancer, endometrial cancer, glioma, pancreatic cancer and hepatocellular carcinoma. [9] [10] [11] [12] [13] [14] [15] [16] [17] There is also evidence that Nodal and its receptors are present in invasive human placental choriocarcinoma cell lines and breast cancer cell lines. 7, 13, [18] [19] [20] [21] Furthermore, a recent study reported that Nodal is positively correlated with disease progression in breast cancer patients, such that it is expressed to a higher level in undifferentiated, invasive lesions as compared to benign and early-stage disease. 20 Together these findings provide evidence that Nodal is correlated with invasive breast cancer and choriocarcinoma cell types; however, the significance of this correlation has not been fully characterized.
Nodal signals through the activin-like kinase type I (ALK4/7) and type II (ActRIIB) receptor complex, and its signal is enhanced by the EGF-CFC family GPI-linked Cripto co-receptor. Activation of this receptor complex causes phosphorylation of SMAD2/3, which then associates with SMAD4. This SMAD2/3/4 complex translocates to the nucleus to regulate transcription of target genes, including NODAL and its inhibitors, LEFTY1/2.
22,23 LEFTY1/2 is limited to embryonic contexts and is not expressed in most cancer cells, resulting in uncontrolled positive feedback during cancer progression.
leading to increased SMAD2 activation. 24 In cancer, non-SMAD pathway activation by other TGF-b-family proteins is better characterized, revealing possibilities for non-SMAD Nodal targets during disease progression. For instance, the type I receptor has been shown to activate mitogen-activated protein kinase (MAPK) signaling through ShcA phosphorylation and subsequent interaction with the GRB2/SOS complex in response to TGF-b signaling. 25 In fact, both SMAD and ERK signaling are required for TGF-b-induced EMT in keratinocytes. 26 Cross-talk between these two pathways has been shown, whereby ERK substrates interact with SMADs to regulate nuclear translocation and gene expression. 26 ERK1/2 phosphorylation also promotes trophoblast and choriocarcinoma cell invasion. 27 Although Nodal and TGF-b share many signaling commonalities, it is unknown whether Nodal is capable of inducing non-SMAD pathways, like MAPKs, in cancer.
Accordingly, the current study investigates the role of Nodal in cancer cell invasion. We have chosen to use breast cancer and choriocarcinoma cells as models because (i) they both arise from organs where Nodal is present during remodeling events (that is, the breast and the placenta); (ii) Nodal is expressed to a greater degree in invasive breast cancer and choriocarcinoma cell lines, as compared to their poorly invasive counterparts; and (iii) both cell types undergo EMT, thereby allowing us to explore the effects of Nodal on this phenomenon irrespective of cellular origin. Using this approach, we demonstrate that Nodal promotes cellular invasion and migration, concomitant with an EMT-like phenotype. Furthermore, we show that these Nodal-induced phenomena are mediated in part through ERK1/2 signaling. In vivo, we demonstrate that inducible Nodal inhibition causes a reduction in spontaneous metastasis of breast cancer cells to the liver in NOD/ SCID/interleukin-2g receptor null mice (NSG mice). Our study lends insight into prospective Nodal-targeted therapies for the clinical management of cancer progression.
RESULTS

Nodal promotes migration and invasion in vitro
Cellular invasion is a complex process that involves active migration and degradation of the extracellular matrix (ECM). We first examined the role of Nodal signaling in the regulation of cellular migration by performing in vitro Transwell chamber assays using breast cancer and choriocarcinoma cell lines. In agreement with previous findings, 9, 28 we confirmed that rhNodal could induce SMAD2 phosphorylation in T47D cells (Figure 1a) . We also validated that transfection of BeWo cells with a Nodal expression construct (BeWo þ Nodal) resulted in elevated Nodal expression compared to controls (BeWo þ EV) (Figure 1b) . When we performed migration assays through Transwell chambers, we found that Nodal promoted migration of T47D cells in a dose-dependent manner (n ¼ 4, Po0.05) (Figure 1c ). We also found that overexpression of Nodal in BeWo cells caused an increase in migration (n ¼ 6, P ¼ 0.002) (Figure 1d ), and that treatment of MCF-7 cells with 50-100 ng/ml rhNodal caused an increase in migration (n ¼ 4, Po0.05) (Supplementary Figure 1a) using Transwell chambers.
In order to invade and metastasize, a cancer cell must be able to breach the basement membrane of the host tissue, and invade through the ECM. To test the effects of Nodal on cellular invasion (including ECM degradation), we used Transwell chambers coated with Matrigel, which is a protein mixture used to mimic extracellular matrix and basement membrane. Using this methodology, we found that Nodal promoted invasion of both T47D (n ¼ 3, P ¼ 0.004) and BeWo cells (n ¼ 3, P ¼ 0.022) (Figure 1e and f). In accordance with these results, MCF-7 cells displayed a significant increase in cellular invasion through Matrigel-coated Transwell chambers in response to 100 ng/ml rhNodal compared to 0 ng/ml rhNodal (n ¼ 3, P ¼ 0.004) (Supplementary Figure 1b) .
Using a 3D invasion assay, 29 we also found that T47D cells treated with rhNodal invaded through collagen, away from the cluster edge, more readily than control cells (n ¼ 10, P ¼ 0.032) (Figure 1g and h).
Nodal promotes EMT-like phenomena One of the mechanisms underlying cellular invasion in both normal and cancer contexts is EMT. EMT is characterized by a downregulation of epithelial cell markers, such as E-Cadherin (CDH1), and an acquisition of mesenchymal cell markers, such as Vimentin (VIM), Twist (TWIST1) and N-Cadherin (CDH2). 30 In breast cancers, EMT is also associated with a reduction in estrogen receptor (ESR1) expression. 31, 32 Collectively, this phenotype allows cells to break away from the primary tumor and to invade toward secondary sites. Given that Nodal plays a role in promoting morphogenesis in early development, we opted to determine whether Nodal promotes EMT in epithelial-like breast cancer and choriocarcinoma cell lines. Using real-time RT-PCR, we found that transfection of T47D cells with a Nodal expression construct (T47D þ Nodal) resulted in a significant downregulation of ESR1 (n ¼ 3, P ¼ 0.030), and an upregulation of the transcription factor TWIST1 (n ¼ 3, P ¼ 0.036) and the intermediate filament VIM (n ¼ 3, P ¼ 0.018) compared to T47D cells transfected with a control vector (T47D þ EV) (Figure 2a ). These results were confirmed at the protein level with western blotting (Figure 2b) . Similarly, treatment of T47D and MCF-7 cells with 100 ng/ml rhNodal caused a downregulation of ESR1 (T47D: n ¼ 4, P ¼ 0.029; MCF-7: n ¼ 5, P ¼ 0.008), and an upregulation of TWIST1 (T47D: n ¼ 4, P ¼ 0.029; MCF-7: n ¼ 3, P ¼ 0.036) and VIM (T47D: n ¼ 4, P ¼ 0.029; MCF-7: n ¼ 5, P ¼ 0.008) compared to 0 ng/ml rhNodal vehicle controls ( Supplementary Figure 2a and b) . Of note, the effects observed in T47D cells with overexpression of Nodal were greater than those observed with rhNodal, likely due to differences in the length and consistency of exposure. BeWo þ Nodal cells displayed a significant decrease in CDH1 expression (n ¼ 4, Po0.001), and an increase in both CDH2 (n ¼ 4, Po0.001) and VIM (n ¼ 3, Po0.001) expression compared to BeWo þ EV cells (Figure 2c ). These results were confirmed at the level of protein expression using western blot analysis (Figure 2d) .
In many instances, EMT is marked by changes in subcellular localization of E-Cadherin protein, rather than by changes in transcript or protein production. This level of cadherin regulation is important during developmental EMT processes, such as gastrulation, that require rapid and transient alterations in cell-cell adhesions to allow for tissue remodeling. 33 Accordingly, using immunofluorescence we found that overexpression of Nodal in BeWo or T47D cells caused cytoplasmic localization of E-Cadherin (even in BeWo þ Nodal cells, which also express reduced E-Cadherin at the level of gene and protein expression) compared to the strong plasma membrane staining observed in corresponding control cells (Figure 2e Nodal activates non-SMAD pathways to mediate invasive phenotypes Given the emerging evidence that implicates Nodal during cancer progression, improving our understanding of both canonical and non-canonical Nodal signaling mechanisms will be imperative for developing future targeted therapies. As such, we decided to investigate whether Nodal signaling can activate the ERK pathway, as this pathway regulates cellular invasion, proliferation, migration and differentiation, during both cancer progression and placentation. We first treated T47D cells with rhNodal (100 ng/ml) for 0, 1, 2, 5, 10 or 20 min, and found that Nodal increases P-ERK1/2 in as little as 2 min when replicates were analyzed by densitometry (e) T47D cells were seeded in Matrigel-coated Transwell chambers and treated with 0, 50 or 100 ng/ml of rhNodal for 24 h to assess cellular invasion. Cells exhibited a significant upregulation of cellular invasion at 100 ng/ml rhNodal (n ¼ 3, P ¼ 0.0038). (f ) BeWo þ Nodal cells or BeWo þ EV cells were seeded in Transwell chambers coated with Matrigel to assess cellular invasion after 24 h. BeWo þ Nodal cells exhibited elevated cellular invasion compared to BeWo þ EV cells (n ¼ 3, P ¼ 0.022). (g) T47D cells were grown for 3 days in 3D culture using a bioreactor, and then seeded into collagen type 1 in order to assess 3D invasion over the course of 1 week. Cells treated with 100 ng/ml displayed a significant increase in 3D cellular invasion (measured by the distance cells invaded away from the edge of the cluster) compared to controls (n ¼ 10, P ¼ 0.032). (h) Representative image showing in vitro 3D collagen invasion assay with T47D cells as described in (g). Bar equals 50 mm and hatched lines delineate the cluster boarder. For all graphs, data are presented as mean ± s.e.m. for replicate values. Different letters indicate a significant difference.
(n ¼ 5, Po0.05) (Figure 3a and b) . Similarly, we treated BeWo cells with rhNodal (100 ng/ml) for 0, 1, 2, 5, 10 or 20 min, and found that Nodal significantly increases P-ERK1/2 by 5 min when replicates were analyzed by densitometry (n ¼ 5, Po0.05) (Figure 3c and d) . In order to determine whether phosphorylation of ERK was dependent on activation of the type I receptor (similar to what has been reported in the literature for TGF-b), we examined the effects of an ALK4/7 inhibitor (SB431542; 10 mM, 1 h) on Nodal-induced ERK1/2 phosphorylation in T47D and BeWo cells. We found that in both cell lines SB431542 reduced Nodal-induced P-ERK1/2 ( Figure  3e and f). This was confirmed with densitometry ( Supplementary   Figure 3a and b). Of note, SB431542 selectively inhibits Activin, TGF-b and Nodal signaling, but not ERK. 34 Hence, although our results suggest that ALK4/7 activation is required for Nodalmediated ERK activation, we cannot exclude the possibility that indirect mechanisms (such as an upregulation of Activin or TGF-b) are also involved. In order to determine if ERK activity may reciprocally regulate SMAD signaling, we treated T47D þ Nodal and BeWo þ Nodal cells with a MEK inhibitor (U0126; 10 mM, 1 h). We determined that U0126 decreased Nodal-induced P-SMAD2 in both cases (Figure 3g and h). Of note, using RT-PCR we found that overexpressing Nodal reduced Cripto mRNA levels in both cell lines. ALK4 and ALK7 levels were not altered in T47D cells, and overexpression of Nodal in BeWo cells resulted in an increase in ALK4, but a decrease in ALK7 (Supplementary Figure 4) : Hence, in our system Nodal does not seem to mediate its effects by globally increasing receptor expression levels. Regardless, our results suggest that through the ALK4/7 receptor Nodal induces the activation of the ERK1/2 MAPK pathway in breast cancer and choriocarcinoma cells. Moreover, Nodal-induced SMAD2 phosphorylation is in part mediated by activation of ERK1/2 MAPK.
We next wanted to determine the functional significance of Nodal-induced ERK activation. We seeded T47D or BeWo cells into Transwell chambers with Matrigel (for invasion) or without ImageJ was used to calculate the band density of P-ERK1/2 relative to total ERK1/2. Data are presented as mean fold change ± s.e.m. Different letters indicate a significant difference compared to controls (n ¼ 4, P ¼ 0.029). (e) Western blot demonstrating that P-ERK1/2 is elevated in T47D cells transfected with a Nodal expression vector (T47D þ Nodal) versus a control vector (T47D þ EV), and that phosphorylation is reduced when T47D þ Nodal cells are treated with SB431542 (10 mM). Total ERK1/2 and b-Actin are used as controls. (f ) Western blot demonstrating that P-ERK1/2 is elevated in BeWo cells transfected with a Nodal expression vector (BeWo þ Nodal) versus a control vector (BeWo þ EV), and that phosphorylation is reduced when BeWo þ Nodal cells are treated with SB431542 (10 mM). Total ERK1/2 and b-Actin are used as controls. (g) Western blot demonstrating that P-SMAD2 is elevated in T47D þ Nodal cells compared to T47D þ EV cells, and that this effect is abrogated by treating T47D þ Nodal cells with 10 mM U0126 (1 h). Total SMAD2/3 and b-Actin are used as controls. (h) Western blot demonstrating that P-SMAD2 is elevated in BeWo þ Nodal cells compared to BeWo þ EV cells, and that this effect is abrogated by treating BeWo þ Nodal cells with 10 mM U0126 (1 h). Total SMAD2/3 and b-Actin are used as controls.
Matrigel (for migration), and treated them with rhNodal alone (100 ng/ml), or with both rhNodal (100 ng/ml) and U0126 (10 mM). We found that both invasion (T47D: n ¼ 3, P ¼ 0.017; BeWo: n ¼ 3, P ¼ 0.022) and migration (T47D: n ¼ 3, P ¼ 0.010; BeWo: n ¼ 3, P ¼ 0.005) increased significantly in response to treatment with rhNodal compared to vehicle controls, and this effect was mitigated by addition of U0126 (Figure 4a-d) . Importantly, we observed no significant differences in the number of viable cells between treatments for the duration of the invasion and migration assays (24 h) (Figure 4e and f). In accordance with these results, MCF-7 cells showed similar phenomena in response to rhNodal and U0126 treatments (n ¼ 3, P ¼ 0.005 for both Figure 4 . Nodal-induced cellular invasion and migration are mediated by ERK. (a) T47D and (b) BeWo cellular invasion through a Matrigelcoated Transwell chamber increased in response to 100 ng/ml rhNodal (n ¼ 3, Pp0.022), and this effect was mitigated by 10 mM U0126. (c) T47D and (d) BeWo cellular migration through a Transwell chamber (without Matrigel) increased in response to 100 ng/ml rhNodal (n ¼ 3, Pp0.010), and this effect was mitigated by 10 mM U0126. (e) T47D viability assay, and (f ) BeWo viability assay demonstrating equal cell viability after 24 h between treatments corresponding to (a-d). (g) T47D cells grown for 3 days in 3D culture using a bioreactor were seeded into collagen type 1 in order to assess 3D invasion over the course of 1 week. Distance of invasion was recorded as an average of four measurements evenly spaced around the cluster periphery (white hatched lines). Cells treated with 100 ng/ml rhNodal displayed a significant increase in 3D cellular invasion compared to controls (n ¼ 14, Po0.001), and this effect was prevented by 10 mM U0126. (h) Representative images from 3D invasion assay corresponding to the data presented in (g). Bar equals 50 mm. All data are presented as mean±s.e.m. for replicate values. Different letters indicate a significant difference as specified. migration and invasion) (Supplementary Figure 5a-c) . Finally, using a 3D invasion assay 29 we found that treatment of T47D-derived clusters with rhNodal caused a significant increase in invasion distance compared to controls, and that this effect was prevented with U0126 (n ¼ 14, Po0.001) (Figure 4g and h) .
As a corollary, we determined whether ERK activation was involved in Nodal-mediated EMT. First, we added U0126 (10 mM) to T47D or MCF-7 cells prior to treatment with rhNodal (100 ng/ml) and found that U0126 prevented Nodal-mediated induction of TWIST1 and VIM expression as quantified by real-time RT-PCR, and western blotting (Figure 5a and b; Supplementary Figure 6a) . Interestingly, ESR1 expression was still downregulated by rhNodal in the presence of U0126 (Figure 5a and b; Supplementary  Figure 6a) . Additionally, using immunofluorescence, we determined that addition of U0126 to T47D or MCF-7 cells treated with rhNodal caused re-localization of E-Cadherin back to the plasma membrane (Figure 5c; Supplementary Figure 6b) . Similar to our observations in breast cancer cell lines, addition of U0126 to BeWo þ Nodal cells resulted in a decrease of Nodal-induced CDH2 and VIM expression, and an increase of CDH1 expression back to control levels as measured by real-time RT-PCR and western blotting (Figure 5d and e) . Furthermore, using Figure 5 . Nodal-induced EMT is mediated by ERK. (a) Real-time RT-PCR analysis of EMT markers in T47D cells exposed to 100 ng/ml rhNodal alone, or 100 ng/ml rhNodal þ 10 mM U0126 (48 h). In response to 100 ng/ml of Nodal, T47D cells displayed a decrease in ESR1 (estrogen receptor) expression (n ¼ 4, P ¼ 0.029), and an increase in TWIST1 (n ¼ 4, P ¼ 0.029) and VIM (Vimentin) expression (n ¼ 4, P ¼ 0.029) compared to controls. CDH2 (N-Cadherin) and CDH1 (E-Cadherin) expression did not change (n ¼ 4, P40.05). Treatment of T47D cells with U0126 prior to treatment with rhNodal rescued TWIST1 and VIM expression back to control levels, but did not rescue ESR1 expression. immunofluorescent staining and confocal analysis, we found that treatment of BeWo þ Nodal cells with U0126 (10 mM) caused re-localization of E-Cadherin back to the cell membrane (Figure 5f ).
Nodal inhibition impairs invasion in vitro in part through decreased P-ERK In a complementary set of loss-of-function experiments, we wanted to determine if Nodal inhibition could decrease the invasiveness of more aggressive breast cancer cells, which express high levels of endogenous Nodal. 13, 21 Using a Transwell chamber assay with Matrigel (for invasion) or without Matrigel (for migration), we found that knocking down Nodal expression in MDA-MB-231 cells with shRNA (231 þ shNodal) resulted in a significant decrease in both migration (n ¼ 5, Po0.001) and invasion (n ¼ 5, P ¼ 0.016) compared to 231 þ shControl cells (Figure 6a-c) . Furthermore, using real-time RT-PCR, we determined that 231 þ shNodal cells displayed reduced expression of mesenchymal markers including TWIST1 (n ¼ 3, Po0.001), CDH2 (n ¼ 3, Po0.001), and VIM (n ¼ 3, P ¼ 0.031) compared to 231 þ shControl cells (Figure 6d ). Western blotting validated the reduction in these mesenchymal markers at the protein level (Figure 6e ). No increase in epithelial marker expression (including CDH1 and ESR1) was observed in these cells in response to Nodal knockdown. In accordance with these results, when MDA-MB-231 cells were treated with SB431542 (0, 1 or 10 mM), a reduction in cellular invasion (n ¼ 5, Po0.05) and migration (n ¼ 6, Po0.001) was observed (Figure 6f-h) . A significant decrease in cellular invasion (n ¼ 5, Po0.05) and migration (n ¼ 5, Po0.001) was also observed in Hs578t cells treated with 1-10 mM SB431542 ( Supplementary Figure 7a and b) . Using real-time RT-PCR, we determined that MDA-MB-231 cells treated with 10 mM SB431542 displayed reduced expression of TWIST1 (n ¼ 3, Po0.001), CDH2 (n ¼ 3, Po0.001) and VIM (n ¼ 3, P ¼ 0.0011) compared to vehicle controls (Figure 6i ). These observations were validated at the protein level by western blotting (Figure 6j ). Similar to our shRNA results, no changes in gene expression were detected for epithelial cell markers, including CDH1 and ESR1, in response to SB431542 (Figure 6i) .
We next investigated whether Nodal inhibition in MDA-MB-231 cells could alter phosphorylation of ERK to mediate the observed changes in cellular invasion and migration. We confirmed via western blotting that 231 þ shNodal cells displayed reduced P-ERK1/2 compared to 231 þ shControl cells, and that addition of rhNodal (100 ng/ml) to 231 þ shNodal cells rescued P-ERK1/2 ( Figure 7a ). In accordance with these results, we found that rhNodal (100 ng/ml) could rescue cellular invasion and migration in 231 þ shNodal cells to the levels observed for 231 þ shControl cells; however, this rescue effect was mitigated when downstream ERK1/ 2 activation was prevented with U0126 (10 mM) (Figure 7b-e) . Furthermore, we found that inhibition of ERK1/2 phosphorylation in 231 þ shControl cells with U0126 resulted in a significant decrease in cellular invasion (n ¼ 3, Po0.001) and migration (n ¼ 3, P ¼ 0.002), and that these effects of U0126 were not rescued by the addition of rhNodal (Figure 7b-e) . The number of viable cells did not differ between treatments over the course of the assay (24 h) (Figure 7c ). Of note, using RT-PCR we found that knocking down Nodal resulted in a modest increase in Cripto mRNA levels. There was no change observed in ALK4 levels and there was a small reduction in ALK7 (Supplementary  Figure 4) . Hence, in our system, Nodal knockdown does not seem to mediate its effects by globally decreasing receptor expression levels.
Nodal inhibition reduces spontaneous metastasis of breast cancer to the liver As a corollary to our in vitro assays, we performed a spontaneous metastasis assay using MDA-MB-231 breast cancer cells. MDA-MB-231 cells were transfected with a Nodal-targeted doxycyclin (Dox)-inducible shRNA construct (231 þ ishN), or a control Dox-inducible shRNA construct (231 þ ishC) (Figure 8a and b) , and injected into the mammary fat pads of 7-8-week-old NSG mice. Dox was administered in mouse chow 1 week after injections. Tumors were palpable (42 mm diameter) at this time. Once tumors reached B1.3 cm in diameter, which took approximately 5 weeks, mice were killed, and their lungs and livers were collected.
Upon examination of lung tissue stained with hematoxylin and eosin (H&E), we saw no significant difference in the percentage of tumor burden between treatment groups (Figure 8c and d) . Lung tumor burden ranged from 10 to 95%, indicating that in many cases lung tissue was not oversaturated with tumor. Although we found no difference in tumor burden in lung tissue, we saw robust macroscopic differences in liver metastases upon killing the mice, whereby 231 þ ishN þ Dox groups had macroscopically observable lesions in only 1/10 mice (compared to 7/11 for 231 þ ishC À Dox, 6/10 for 231 þ ishC þ Dox and 11/15 for 231 þ ishN À Dox) (Figure 8e) . Accordingly, analysis of H&E-stained tissue sections revealed a significant decrease in extent of liver metastases in 231 þ ishN þ Dox mice compared to all other treatment groups (Figure 8f ). Of note, we determined that Nodal was knocked down in the primary tumor and in lung metastases in 231 þ ishN þ Dox mice; however, Nodal was expressed in the few lesions that emerged in the livers of these mice, suggesting that liver metastases originated only from cells that escaped the effects of the Nodal shRNA (Figure 8g ).
DISCUSSION
Here we show that Nodal promotes invasive phenotypes in breast cancer and choriocarcinoma cell lines, concomitant with the induction of EMT-associated events. These observations are in accordance with others that have found a link between Nodal and glioma or melanoma invasion, 10, 35 and with recent studies showing that Nodal is highly expressed in invasive breast cancer lesions. 7, 20, 21 In contrast, Peng and colleagues have shown that Nodal decreases the invasiveness of trophoblast cells, which are precursors to choriocarcinoma cells; 19 however, that study exposed cells to rNodal levels that greatly exceeded those used here (500 versus 100 ng/ml), and focused on non-tumorigenic cells. Hence, Nodal may differentially affect cellular invasion in a concentration or transformation-dependent manner.
We found that Nodal supports cellular invasion through altered expression of epithelial and mesenchymal cell markers in poorly invasive, well-differentiated breast cancer and choriocarcinoma cell lines. This adds Nodal to a growing list of TGF-b family members that have been shown to regulate EMT in normal epithelial cells and during cancer progression. For example, TGF-b promotes EMT in a variety of cell types, including breast cancer cells, pulmonary epithelial cells and keratinocytes, 26, 36, 37 and differentiation factor-9 (GDF-9) has been shown to induce EMT in prostate cancer. 38 Interestingly, GDF is a member of the TGF-b family that dimerizes with Nodal in the embryonic node to mediate left-right asymmetry. 39 It is possible that Nodal may similarly work with GDFs to promote EMT in both developmental and tumorigenic contexts.
We determined that Nodal promotes cellular invasion and EMTlike phenomena via the activation of the ERK1/2 MAPK pathway in both breast cancer and choriocarcinoma cells. Prior to this study, the effects of Nodal on cellular behavior during development and in cancer were largely attributable to the induction of SMAD signaling. However, many TGF-b superfamily proteins, which share similarities between type I and type II receptor components, employ non-SMAD pathways during signal propagation. Specifically, TGF-b promotes ERK signaling, through phosphorylation of ShcA and activation of the GRB2/SOS complex via its type I receptor. 25 Moreover, TGF-b induces ERK and p38 signaling in human skin keratinocyte cells (HaCaT), ras-transfected H357 keratinocytes and malignant Il-3 keratinocytes to induce EMT, 26 and inhibition of MEK with U0126 reverses TGF-b-induced EMT in H357 and Il-3 cell lines. 26 Cripto, Nodal's co-receptor, can also signal through ERK, 40 and Cripto overexpression is associated with EMT in breast cancer cells. [41] [42] [43] Hence, ALK4/7 and Cripto may both mediate Nodal-induced MAPK activation, leading to EMT and invasion. 10 mM, 48 h) . In response to SB431542, MDA-MB-231 cells displayed reduced expression of TWIST1 (n ¼ 3, Po0.001), CDH2 (n ¼ 3, Po0.001) and VIM (n ¼ 3, P ¼ 0.001). CDH1 and ESR1 did not change in response to SB431542. (j) Western blot validating changes presented in (i). b-Actin is used as a loading control. Gene expression levels (measured by PCR) are normalized to HPRT1. All parametric data are presented as mean±s.e.m. for replicate values, and non-parametric data are presented as median±interquartile range. Different letters indicate a significant difference compared to controls (open bars), and asterisks indicate a significant difference compared to controls (normalized gene expression).
Our results suggest there are multiple points of crosstalk between the SMAD2/3 and ERK1/2 pathways. First, we demonstrate that rhNodal causes an upregulation of P-ERK1/2. Based on reports of TGF-b-induced ERK activation, this may be an indirect effect via receptor phosphorylation of an upstream mediator of the ERK cascade (such as ShcA), 25 or a direct effect via receptor phosphorylation of ERK1/2. Second, we show that MEK inhibition leads to a decrease in Nodal-induced P-SMAD2 at Ser465/467, indicating that the ERK pathway supports canonical Nodal signaling. In addition to these canonical SMAD phosphorylation sites, previous studies have shown that the SMAD2/3 linker region is receptive to phosphorylation by MAPKs; however, phosphorylation at this region tends to have an inhibitory effect on SMAD signaling. 24 Future studies should investigate whether phosphorylation at this linker region by activated ERK occurs in the context of Nodal signaling, and whether this putative phosphorylation event can have differential effects on Nodalinduced phenotypes. Third, we show that MEK inhibition reduces Nodal-induced TWIST1 and VIM. In agreement with previous findings, this suggests that ERK may alter SMAD-mediated gene expression, either by regulating nuclear translocation of SMADs, or by directly interfering with transcription. 44 We also found that MEK inhibition rescued Nodal-induced intracellular localization of E-Cadherin. In accordance with these observations, previous reports have shown that inhibition of the ERK pathway is required for relocalization of E-Cadherin to the plasma membrane after internalization during EMT. 45, 46 An important finding in our study is that Nodal inhibition in highly invasive cells can decrease invasion, and impair breast cancer metastasis to secondary organs. These results reiterate the effects observed in our gain-of-function models, and suggest that Nodal-induced phenotypes may be reversible in advanced disease. In our NSG mouse model, we observed that Nodal knockdown reduced metastases in the liver but not in the lung, suggesting that Nodal may differentially mediate organ-specific metastasis. Differential metastasis of breast cancer to the lung versus liver has been only mildly reported in the literature; however, one well-characterized mediator of this phenomenon is the tight junctional protein Claudin-2. Claudin-2 is required for the initiation and growth of breast cancer liver metastases; however, cell lines generated from aggressive breast cancer liver metastases with elevated Claudin-2 expression show decreased spontaneous metastasis to the lung. 47 It is possible that differential expression of Claudin-2 may in part explain the effects of Nodal on lung versus liver metastases. The results seen in our experiments could also be due to organ-specific differences in endogenous Nodal inhibitors (ex. Lefty), such that liver metastases may require higher levels of Nodal to overcome an increased presence of the inhibitor. In this situation, a partial knockdown of Nodal may leave enough ligand to sustain growth in the lung, but not in the liver. In support of this possibility, we found that liver metastases in 231 þ shN mice treated with Dox expressed high levels of Nodal, while the lung and primary lesions in the same animal showed very little expression. This suggests that metastatic growth in the liver requires higher Nodal levels than are needed for growth in the lung. Future studies shall explore the role of Nodal in organspecific metastasis, as these types of studies lend insight into how to manage disease in a patient-specific manner.
In conclusion, our results demonstrate that Nodal promotes invasive phenotypes in both breast cancer and choriocarcinoma cell lines. We found that Nodal alters the expression of epithelial and mesenchymal cell markers, and that Nodal can activate non-SMAD pathways, specifically ERK, to elicit its effects. Importantly, we show that Nodal inhibition in highly invasive cells can reduce invasion and prevent breast cancer metastasis to the liver. Our findings lend insight into recent studies that implicate Nodal in the progression of various types of cancer, and provide multiple possible targets to which clinical intervention might be effective.
MATERIALS AND METHODS
Cell lines and treatments
BeWo human choriocarcinoma cells, and MDA-MB-231, Hs578t, T47D and MCF-7 breast cancer cell lines were obtained from and verified by the ATCC (Manassas, VA, USA). Multiple constructs and reagents were used to knock down or induce Nodal signaling:
Nodal gain-of-function. T47D and BeWo cells were transfected via Lipofectamine (Invitrogen, Burlington, ON, Canada) with a Nodal expression vector (abbreviated ' þ Nodal'), made with pcDNA 3.3-TOPO cloning kit, or a control empty pcDNA3.3 vector (abbreviated ' þ EV'). H9 hESCs were used to clone the human Nodal open reading frame. Vectors were sequenced and validated. Cells were stably selected with G418. Cells were also subjected to treatment with 10-100 ng/ml of recombinant human Nodal (rhNodal; R&D Systems, Minneapolis, MN, USA) to activate P-SMAD2 signaling as an alternative gain-of-function model.
Nodal loss-of-function. As previously described, 21 MDA-MB-231 cells were transfected with a GIPZ lentiviral shRNAmir against Nodal's 3rd exon ( þ shNodal; Clone: V2LHS_155453, Open Biosystems, Fisher Scientific, Ottawa, ON, Canada) or a scrambled shRNA Control ( þ shControl). As an additional loss-of-function model, MDA-MB-231 cells were transfected with a TRIPZ lentiviral shRNAmir against Nodal's 3rd exon ( þ ishN; Clone: V2THS_155453) with Tet-On/Tet-Off inducibility (Open Biosystems) or a scrambled inducible shRNA Control ( þ ishC). All transfected MDA-MB-231 cells were stably selected with Puromycin. To inhibit Nodal signaling, the ALK4/5/7 inhibitor SB431542 (Sigma, Oakville, ON, Canada) was used at 1-10 mM. To inhibit MEK signaling, U0126 (Sigma) was used at 10 mM. In both cases, a carrier (DMSO) was used in the controls. Signaling studies were done for 0-20 min to consistently measure changes that occur directly in response to Nodal or for 60 min to establish the role of signaling molecules downstream of Nodal. Functional assays and measurement of EMT markers were done for longer periods (424 h) to allow for necessary transcriptional and translational alterations.
Cellular migration, invasion and viability
To assess cellular migration, 50 000 cells were seeded onto a Transwell insert, and incubated for 24 h. Migration was quantified by staining nuclei with 4 0 ,6-diamidino-2-phenylindole and manual counting. To assess cellular invasion, the migration protocol was modified by coating Transwells with Matrigel (1:10 Matrigel:serum-free RPMI) prior to seeding cells. The 3D cell cluster invasion assay was performed as previously described. 29 Briefly, one million T47D cells suspended in 1 ml of complete media (RPMI þ 10% fetal bovine serum) were loaded into a bioreactor (Synthecon Rotary Cell Culture System, Synthecon Incorporated, Houston, TX, USA). After 3 days, clusters were selected and embedded in bovine collagen type 1 (Invitrogen). Collagen was allowed to solidify and was then overlaid with RPMI þ 10% fetal bovine serum þ vehicle control, 100 ng/ml rhNodal or 100 ng/ml rhNodal þ 10 mM U0126. After 1 week, four measurements evenly spaced around each cluster periphery were averaged to generate a distance score for each cluster. Adobe Photoshop was used to measure the distance (Analysis tool). To assess the viability of cells in response to various treatments, the LIVE/DEAD Viability/Cytotoxycity Kit was used as per the manufacturer's instructions (Invitrogen).
Immunofluorescence
Cells were seeded on glass coverslips, fixed with 4% paraformaldehyde, made permeable with 20 mM HEPES and 0.5% TritonX-100, and blocked with serum-free protein block (Dako, Carpinteria, CA, USA). Cells were stained using anti-E-Cadherin antibody (Supplementary Table 1 ) and an Alexafluor secondary antibody (Invitrogen). 4 0 ,6-diamidino-2-phenylindole was used to stain nuclei. Immunoglobulin G isotype controls were also included.
Real-time PCR
Total RNA was isolated using the Perfect Pure RNA cultured cell kit (5 PRIME, Markham, ON, Canada). Reverse transcription was performed using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Carlsbad, CA, USA). Real-time PCR was performed using 2 mg cDNA with TaqMan gene expression human primer/probe sets (Supplementary Table 2 ). All gene expression was normalized to HPRT1 or RPLPO.
Western blot analysis
Protein lysate was prepared using Mammalian Protein Extraction Reagent (Thermo Scientific, Rockford, IL, USA), Halt Protease Inhibitor Cocktail (Thermo Scientific) and Phosphatase Inhibitor (Thermo Scientific). Equal amounts of protein were separated by SDS-polyacrylamide gel electrophoresis under reducing conditions, and transferred onto Immobilon-P membranes (Millipore, Billerica, MA, USA). Membranes were incubated with primary antibody (Supplementary Table 1 ) and horseradish peroxidase-labelled secondary antibody. Bands were detected by Immun-Star Chemiluminescent Detection kit (Bio-Rad, Mississauga, ON, Canada) or SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific). Images were obtained with ChemiDoc XRS þ System (Bio-Rad) or film. For Nodal western blots, the 39-kDa species was used to assess protein expression as previously described. 28 All densitometry was performed using ImageJ (National Institute of Health, Bethesda, MD, USA).
Spontaneous metastasis in vivo
MDA-MB-231 cells were transfected with a Dox-inducible Control or Nodaltargeted shRNA. A total of 500 000 cells in 100 ml RPMI:Matrigel (1:1) were injected into the right thoracic mammary fat pad of 7-8-week-old female NSG mice. Dox was administered in mouse chow (0.625 g Dox/1 kg chow; Harlan Laboratories, Mississauga, ON, Canada) after formation of palpable tumor growth. Mice were killed when tumors reached B1.3 cm in diameter. The lung and liver were collected from each mouse, fixed with 4% formaldehyde, and stained with H&E or using immunohistochemistry for Nodal as previously described. 20, 21 The percent tumor burden for each animal was calculated by averaging the tumor area from 2-3 sections spaced evenly through the tissue, and dividing it by the average total square area (Adobe Photoshop). Experiments involving animals were approved by the Animal Use Subcommittee at the University of Western Ontario.
